Background: This hypothesis generating study explores second trimester maternal body mass index (BMI) during pregnancy and offspring neurocognitive development. Methods: Mothers and offspring served as controls in two earlier studies: 101 children at age two years and 118 children at age eight years. Results: Frequency of maternal BMI !30 kg/m 2 increased from 10% in 1987-1990 to 30% in 2004-2006 (P , 0.001); the socioeconomic gradient became more pronounced. At age two, one or more BSID-III (Bayley Scales of Infant Development, 3rd Edition) scores ,85 were more frequent with higher maternal BMI (P ¼ 0.029); regression analysis suggested an inverse relationship between language scores and BMI (P ¼ 0.054). Among eight-year-olds, one or more WISC-III (Wechsler Intelligence Scale for Children, 3rd edition) scores ,85 increased with maternal BMI (P ¼ 0.017); regression analysis showed an inverse relationship between performance subscale IQ score and BMI (P ¼ 0.023). Conclusion: Second trimester maternal obesity may be an independent risk factor for some aspects of children's neurocognitive development. Further study is indicated.
INTRODUCTION
As part of our recent case-control study involving maternal hypothyroxinaemia and neurocognitive development of two-year-old offspring, we examined covariates with known neurocognitive associations (e.g. mother's education, socioeconomic status) along with several variables that were not known to be associated. 1 Second trimester maternal body mass index (BMI) of euthyroxinaemic women (controls) showed an unexpected inverse association with offspring neurocognitive development. Two published studies have addressed this relationship tangentially. The first examined maternal BMI and neurocognitive development among 355 five-year-old children of disadvantaged women in Tennessee; 2 the second examined maternal BMI and intellectual disability (neurocognitive scores ,70) in two Finnish cohorts. 3 Findings in both studies were consistent with our preliminary observations, but both had important limitations. More recently, an association between maternal BMI and autism spectrum disorder has been observed in the Childhood Autism Risks from Genetics and the Environment (CHARGE) case-control study. 4 The present analysis examines more extensively the maternal BMI/offspring neurocognitive relationship in our recent study. 1 To further explore this relationship, we analyse maternal BMI and neurocognitive development among eight-year-old children of euthyroid control women in our earlier study that measured the impact of undiagnosed thyroid deficiency during pregnancy. 5 
METHODS

Study subjects
The selection criteria and methods used to identify and evaluate study subjects have been previously presented. 1, 5 Subjects in both studies were identified from within a general population of pregnant women undergoing routine serum screening for Down's syndrome during the second trimester. The population's racial composition was 98% Caucasian. Standardized demographic and health-related information was routinely collected, much of which was used for aiding the original screening test interpretation. Weight measurements were performed and current smoking status was ascertained in obstetric offices prior to the screening test. Average weight gain over prepregnant weight at that time in gestation is 3.2 kg. 6 Answers to the smoking question were previously verified by cotinine measurements. 7, 8 Hypothyroid/hypothyroxinaemic cases were identified and matched with controls after completion of pregnancy.
Matching used variables documented in the second trimester, supplemented with birth record data (e.g. birth weight, sex of child, gestational age at birth, maternal education). In neither study was maternal weight or BMI a selection criterion. The Four Factor Index of Social Status (Hollingshead scale) was administered to assess the family's socioeconomic status during the child's neurocognitive testing visit. 9 This served to assess validity of matching that used the mother's earlier reported education status and also provided a more complete measure of current socioeconomic status.
Both study protocols were approved by the Foundation for Blood Research Institutional Review Board. Neurocognitive testing was scheduled based on verbal consent; women gave written informed consent at the testing appointment. The present analysis is limited to the two sets of control women and their children, where maternal BMI data were available.
Dataset A
Between May 2004 and March 2006, 5734 women gave informed consent for thyroid-stimulating hormone (TSH) and free thyroxine measurements in conjunction with second trimester serum screening for Down's syndrome. 1 This initial recruitment was sufficient to identify and enroll 99 women with isolated hypothyroxinaemia (euthyroid women with free T4 3rd centile) and 99 matched euthyroxinaemic women (euthyroid women, serum TSH 0.26-3.34 mIU/L and free T4 between the 10th and 90th centiles). Complete data (including maternal BMI) were available for 101 controls. This included 95 of the 99 controls (96%), 1 along with six control women not included in the original analysis (their matched case withdrew).
Birth record information was available through a data sharing agreement between the Foundation for Blood Research and the Bureau of Vital Statistics, Maine Department of Health and Human Services. Women were excluded from the study if birth records or patient records indicated multiple gestation, delivery at ,36 weeks' gestation, delivery of a baby with congenital anomalies or a birth weight ,2500 g. The Bayley Scales of Infant Development, 3rd Edition (BSID-III) were administered to offspring at mean age 2.4 years (standard deviation 0.4) to obtain standard scores for cognitive, language (receptive and expressive) and motor (gross, fine) domains. 10 
Dataset B
Between January 1987 and March 1990, TSH measurements were performed in stored second trimester sera from 25,216 women with viable singleton pregnancies in five batches over a two-year period. 5 Birth weights under 1500 g were not considered. The 62 recruited thyroid-deficient woman were each matched with two euthyroid control women (TSH ,98th percentile). Maternal BMI data obtained during the early second trimester were available for 118 of the 123 controls (96%). Neurocognitive testing of the women's children at mean age 8.1 years (standard deviation 0.6) assessed intelligence with the Wechsler Intelligence Scale for Children, 3rd edition (WISC III). 11 This test provides a full-scale IQ score and subscale scores (range, 40-160) for verbal skills, performance and freedom from distractibility.
Data analysis
We used statistical software from SAS Institute, Inc. (Cary, NC, USA) and Analyze-it for Excel (Microsoft Inc., Seattle, WA, USA). Analysis of variance (ANOVA) or chi-squared test were used, as appropriate, to assess differences between both unadjusted and adjusted variables stratified by the three BMI groups. Significance was two-sided at the 0.05 level. To account for potential covariates (e.g. maternal age, Hollingshead score), we performed stepwise regression with the neurocognitive score as the dependent variable, using a low threshold for inclusion of P ¼ 0.20. An expected neurocognitive score was determined using the multiple regression equation and each woman's data. To isolate the impact of BMI on the expected IQ, each woman's BMI value was replaced with the geometric mean BMI. The normalized, adjusted score was computed as 100 (observed score/expected score). In the figures, we normalized scores to a mean value of 100 by dividing each score by the mean value of the relevant control group, to allow more direct comparisons between the BMI and neurocognitive development scores. This allows for visualization of the relationship between neurocognitive score and BMI, after accounting for other potential covariates. We used linear regression to assess this univariate relationship, after a logarithmic transformation of BMI. Table 1 shows selected anthropometric and demographic characteristics of control women and their children from the two neurocognitive studies and also of the cohorts from which the study subjects were selected. Differences between controls and their respective cohort result from the use of specific characteristics to match controls with their respective cases in the original studies (e.g. mothers' education, age at delivery, parity, offspring sex). Mothers' weights were not used for matching; average weights of controls in both data-sets are consistent with their respective cohort (77 versus 75 kg in Dataset A and 66 versus 67 kg in Dataset B). Similarly, average BMI and percent of women with BMI !30 in Dataset A are similar for controls and the entire cohort from which they were selected (28.3 versus 27.8 kg/m 2 average BMI; 29.7% versus 29.3% BMI !30 kg/m 2 ). In Dataset B, average BMI data (24.6 kg/m 2 ) and percent with BMI .30 kg/m 2 (10.2%) are available only for enrolled women. Weight gain among women at 17 weeks' gestation averages 3.2 kg. 6 Taking this into account, the percent of women in Dataset A with pre-pregnant BMI !30 would be reduced to 27%; for Dataset B that figure would be 7.6%. The following analyses use second trimester BMI. Table 2 shows neurocognitive test results from 101 children enrolled in the later time period (Dataset A) stratified by maternal BMI using World Health Organization (WHO) classification. The table shows unadjusted scores for BSID III results for comparison with other published studies. The Hollingshead scores differ by BMI category (P ¼ 0.002) and are lowest in the obese category. The mean BSID III composite cognitive, language and motor scores for children of obese mothers are lower by 5.0, 12.6 and 4.1 points, respectively, compared with the normal BMI category. After adjustment for confounders, the differences in mean scores among the three BMI categories are not significant. As a BSID-III composite score ,85 may identify children requiring additional services, 11 we examined the distribution of these children among BMI categories. The percentage of children with !1 score below 85 increases monotonically with maternal BMI category and is higher among the children of obese, compared with normal BMI, mothers. After adjusting for confounders and setting mean scores to 100, the numbers of children in the three BMI categories with !1 score below 85 are 4, 4 and 10, respectively (x 2 test of trend, with factors in the three groups equal to the mean BMI:
RESULTS
The adjusted odds ratio for !1 score below 85 for obese versus non-obese women is 3.9 (95% confidence interval [CI] 1.4-11.3). All of the obese women delivered at 37 weeks' gestation or later. Seven cases of pregnancy hypertension were identified. These did not relate to obesity and had no impact on BSID scores below 85. We identified six cases of gestational diabetes (2 in overweight and 3 in obese women). After removing these subjects, the adjusted P value for a difference in BSID scores ,85 among BMI categories (P ¼ 0.015) remained significant. As an initial step in developing a model for adjusting BSID III scores for potential effect modifiers, we performed stepwise regression on the following maternal/offspring characteristics: mother's age, education, BMI, marital status, number of prior births, smoking during pregnancy, socioeconomic status (Hollingshead score), home environment (HOME score), offspring's sex, gestational age at delivery, birth weight and days in hospital. BMI was forced into the model. For the remaining covariates, a P value of 0.20 was needed to enter the model and to remain in the model. In addition to BMI, five other variables were in the final model. In descending order of significance, they were: Hollingshead score (P , 0.0001), sex of offspring (P , 0.0001), number of prior births (P ¼ 0.005), mother's age (P ¼ 0.05) and smoking (P ¼ 0.05). Figure 1 shows a scatter plot between language domain scores (median score set to 100, no adjustment for covariates) and maternal BMI in Dataset A. Language was chosen because it demonstrates the strongest unadjusted relationship with BMI (solid line) among the three domains (log BMI versus normalized language score, r ¼ 20.30, slope ¼ 261.265, P , 0.001). This relationship is less strong after adjustment for the five variables described above (dashed line) (r ¼ 20.16, slope ¼ 226.810, P ¼ 0.054). Based on this, BMI increases of 5, 10 and 15 kg/m 2 would be associated with reductions in language domain scores of 2.2, 4.4 and 6.1 points, respectively. Adjusted relationships between cognitive and motor scores and BMI (not shown in Figure 1 ) are r ¼ 20.07, slope ¼ 29.538, P ¼ 0.34 and r ¼ 20.05, slope ¼ 27.408, P ¼ 0.58, respectively. Table 3 shows unadjusted neurocognitive test results from 118 children enrolled in the earlier time period (Dataset B), grouped once again by maternal BMI using WHO classification. The Hollingshead scores are lowest in the group of obese women, but the difference among BMI subgroups does not reach statistical significance (P ¼ 0.076 by ANOVA). The mean unadjusted WISC-III performance IQ score for children of mothers in the uppermost maternal BMI category is lower by 10.7 points than in the normal BMI category, and the full scale IQ and verbal subscale scores are also lower, by 9.2 and 6.4 points, respectively. After adjustment, mean performance subscale scores remain significantly different (P ¼ 0.033) among maternal BMI categories. The observed percentage of children with !1 WISC-III score below 85 is highest among women in the highest BMI category. After adjusting for confounders and setting mean scores to 100, the numbers of children in the three BMI categories with !1 score below 85 are 13, 4 and 6, respectively (x 2 test of trend, 4.68, P ¼ 0.030). The adjusted odds ratio for !1 score below 85 is 5.2 (95% CI 1.5-18.2). Data on pregnancy hypertension and gestational diabetes were not available.
In developing a model for adjusting WISC III scores for potential effect modifiers, we used the same covariates as applied in the regression analysis for BSID III scores. Along with BMI, two additional variables remained in the model: Hollingshead score (P ¼ 0.002) and number of prior births (P ¼ 0.12). Sex of offspring, mother's age and smoking during pregnancy did not reach the threshold for inclusion but were allowed into the model for consistency with adjustments in Dataset A. Figure 2 shows a scatterplot of WISC-III performance subscale IQ scores versus maternal BMI among the 118 eight-year-old children in Dataset B. As with Figure 1 
DISCUSSION
The present hypothesis generating study is a post hoc analysis based on a convenience sample; the original studies examined other relationships. Additional limitations include relatively small numbers of study subjects (given the need for adjustments) and the fact that other, unknown confounders may be present. Too few study subjects are in the !30 kg/m 2 category in Dataset B to reliably assess weaker relationships such as those that might be present between maternal BMI and verbal subscale/full scale IQ. Furthermore, a direct between-study comparison of children's neurocognitive development is not possible, due to differing ages at the time of neurocognitive testing and the different tests used (BSID III and WISC III).
As strengths, serum samples, anthropometric and demographic information in both studies were collected at a standardized time during the second trimester. The reference cohorts were sufficiently large to provide reliable demographics for evaluating selection bias that might occur in conjunction with recruiting subjects for the original case-control studies, and BMI (or weight) was not a selection criterion. Known confounders of child development (e.g. gestational age at birth, maternal education) were recorded for both cohorts, supplemented by Hollingshead scores (in both data-sets) and HOME scores (in Dataset A) at the visit for neurocognitive testing. The Hollingshead score includes mother's and father's education, as well as type of work, while the HOME score focuses on the home environment. Neurocognitive testing in both study groups was carried out by expert testers. Further insight about cognitive performance might be gained if additional testing could be carried out on both parents.
In both data-sets, women from racially homogeneous cohorts were euthyroid controls for studies involving hypothyroidism or hypothyroxinaemia. In Dataset A, children with !1 BSID III score ,85 increased with higher maternal BMI; regression analysis suggested that lower language scores may be related to higher maternal BMI. Among children in Dataset B, offspring with !1 WISC III score ,85 also increased with higher maternal BMI; regression analysis indicated a statistically significant association between higher maternal BMI and lower performance subscale scores.
Women in the uppermost BMI category (!30 kg/m 2 ) increased from 10% to 30% in the 16-year interval, reflecting a similar trend for the general US population during roughly the same time period (22.9% to 30.5% from 1988-1994 through 1999-2000). 12, 13 In the more recent time period (Dataset A), women with lower Hollingshead scores are disproportionately represented in the uppermost BMI category, suggesting a societal shift in the relationship between socioeconomic status and obesity. 14 Two published studies provide limited corroborative data. Heikura et al. 3 assessed intellectual disability (ID) (standardized score ,70) in relation to pre-pregnancy BMI in 1966 and in 1986, utilizing two cohorts of Finnish children (12,058 and 9432). Testing was administered by psychologists in hospitals, institutions for children with ID, family counselling centres and schools. When test scores were unavailable but the child had a diagnosed disorder associated with ID, a score was arbitrarily assigned. It was not possible to determine which children with ID might have a well defined cause, such as Down's syndrome or cerebral palsy; inclusion of these could mask the real effect size. The 1988 cohort, but not the 1966 cohort, showed a significant association between BMI and ID (odds ratio 2.9; 95% CI 1.3-6.1), after adjustment for relevant covariates.
In Tennessee, USA, Neggers et al. 2 measured neurocognitive development in a disadvantaged black population. The authors hypothesized that five-year-old children of women with low pre-pregnancy BMI would perform less well than those of women with higher BMI. The converse was found, with children of obese women performing least well. Pre-pregnancy BMI was a significant predictor of general IQ scores (slope 20.25, P ¼ 0.005) as well as non-verbal scores (b ¼ 20.20, P ¼ 0.01). There was no significant association of BMI with verbal or gross motor ability scores. The study's focus on a disadvantaged population makes it difficult to apply the findings more generally; the average IQ score was 82.1 (standard deviation 12.6). Although the Finnish and Tennessee studies have limitations, both are consistent with our preliminary findings.
Maternal obesity in pregnancy is associated with multiple metabolic changes, including increased maternal serum levels of leptin, lipids, insulin and markers/mediators of inflammation. 15 -18 Clinical studies suggest that maternal obesity may pre-program offspring to develop obesity, diabetes and cardiovascular disease later in life 19 and this concept may extend to brain development. 20 In mice, obesity induced by a high-fat diet alters fetal hippocampal development 21 and impairs spatial learning performance, 22 while in non-human primate offspring the result is central serotonergic changes and increased anxiety-like behaviour. 23 In both rats and mice, later offspring obesity may be related to hypothalamic programming in utero. 24, 25 Studies in animal models also suggest that the effect on neural development could be modulated by leptin 26 and/or inflammation. 27 In addition to metabolic changes associated with obesity during pregnancy that might directly influence nervous system development in utero, possible explanations include other covariates that might not have been measured in this study. As one example, BMI-related features of the home environment might cause developmental stimulation to be reduced and might introduce additional confounding, even after socioeconomic status has been taken into account. Regardless of whether a metabolic or environmental factor (or artifact) is responsible, an independent effect of maternal obesity on the child's early neurocognitive development is plausible and deserves further investigation. 
